We present post-LHC updates of estimates of the total photo-production cross section in a mini-jet model with infrared soft gluon resummation, and apply the model to study Cosmic Ray shower development, comparing the results with those obtained from other existing models.
The Bloch-Nordsieck (BN) model for hadronic processes
This model for the total hadronic cross section is based on a perturbative QCD (pQCD) calculation of mini-jets as being at the origin of the observed rise [9] of the total cross section with energy. For a fixed minimum transverse momentum of the scattering partons, called p tmin 1 GeV, the low-x behavior of the PDFs leads to a very strong increase of the minijet integrated cross sections as the c.m. energy increases, shown in the left panel of Figure 1 for different LO Parton Density Functions (PDFs): Glück, Reya and Schienbein (GRS) [10] for the photon, Glück, Reya and Vogt (GRV) [11] , and Martin, Roberts, Stirling and Thorne (MRST) [12] for the proton. In the BN model, to be described shortly, infrared gluon resummation tames the fast rise of mini-jet cross sections through soft gluon emissions and can lead to saturation through a phenomenological ansatz for resummation of k t 0 gluons, which we outline below. Thus the sudden rise around √ s 10 − 20 GeV morphs into the experimentally observed gentle asymptotic behaviour, which satisfies the Froissart- Martin mini-jet collisions are embedded into the eikonal formulation for the total cross section, which, for pp scattering, reads as
Heren hard (b, s) is to be calculated through the LO, DGLAP evolved QCD jet cross section, while our choice forn sof t is to parametrize it by normalizing σ total at low energy, i.e. before pQCD mini-jet production takes up a major role. Phenomenology suggests that this quantity is either a constant or decreases with energy. On the other hand, the main point of the model used here is thatn hard (b, s) should be fully estimated by means of a pQCD calculation, with saturation effects due to an All Order Resummation procedure, which includes the infrared region.
Once pQCD can be applied, a complete description requires not only the calculation of hard parton-parton scattering but also soft gluon effects accompanying the collision. If, in Eq. (1), we writē
then A hard (b, s) will include soft gluon resummation effects, and thus account for the cut-off in impact parameter space, required for satisfaction of the Froissart bound, i.e. the saturation effects.
Our model for resummation of soft gluons is based on a semi-classical approach in which one does not count individual gluons, hence no branching or angular ordering is involved, and follows the Bloch and Nordsieck observation [14] that soft photons emission follows a Poisson distribution and only an infinite number of them can give a finite cross section. The procedure to apply this result to QCD was first discussed in [15] and recently outlined in Ref [16] . Labelling as A BN the impact parameter distribution of partons to use in Eq. (2), the resulting expression is the following:
with
where the integration in Eq. (6) makes use of an ansatz of maximal singularity for the behavior of the coupling of infrared gluons to the source current, namely 15] , and q max is calculated from the kinematics of single gluon emission [17] .
In Reference [6] the model described above was applied to photon processes, using photon PDFs, and a suitable parametrization for the probability P had that a photon behaves like a hadron, following the simple, but effective model proposed in Ref. [18] . In [6] the total photo production cross section was then calculated as follows:
The probability P had can be extracted from Vector Meson Dominance models, and adjusting it to the normalization of data at low energy, we propose P had = 1/240.
After determining the best set of parameters {p, p tmin } compatible with existing γp data, we show in the right hand panel of Figure 1 our present calculation [1] for the photo production total cross section, updated from [6] with more recent sets of proton PDFs, and compare it with the results of the models from Refs. [5] and [13] . We have performed simulations of extended air showers using the AIRES system [2] linked to the packages QGSJET-II-04 [3] and EPOS 3.40 [4] for processing high energy hadronic interactions. The versions used for both hadronic models are those optimized taking into account the recent results of LHC experiments (for details see, for example, references [4, 19] ).
With each of the mentioned hadronic models we have run two sets of simulations, namely, (1) using the cross sections for photonuclear reactions at energies greater than 200 GeV that are provided with the currently public version of AIRES which correspond to the lower of the two BH fits in the right panel of Figure 1 (model BH introduced in Section 1); and (2) replacing those cross sections by the ones corresponding to the present model [6] (model BN-γ introduced in Subsection 1.1).
Following the lines of our previous work [1] , we report here on the results for the very representative case of 10 19 eV gamma-initiated showers. As already pointed out in [1] , at this primary energy, geomagnetic conversion [20] is not frequent, thus allowing photons to initiate normally the atmospheric shower development.
In Figures 2 and 3 the results for the longitudinal development of the mean number of muons is displayed, while in Figure 4 we present the results for the cases of pions and kaons.
For all the secondary particles considered, and for both hadronic models QGSJET and EPOS, the production of muons and hadrons is larger in the case of the simulations using the BN-γ model for photon cross sections, in comparison with the corresponding BH model results, as expected (see discussion in reference [1] ). This shows up clearly in Figure 2 where the plots corresponding to the present model (solid red lines) are located always over those corresponding to the BH model (dashed green lines).
It is very important to notice that the number of hadrons produced during the shower development depends noticeably on the package used to process the hadronic collisions. Despite the fact that both hadronic packages have been tuned to best reproduce measurements performed at the LHC collider [4, 19] , it is evident from the plots presented here that differences between models still persist. For example, the longitudinal profiles obtained using EPOS contain larger number of hadrons when compared with the corresponding ones for the case of QGSJET. Using model BN-γ for photon cross sections (red solid lines in Figure 4 ), the number of pions at the point of maximum development is 11% larger for EPOS with respect to QGSJET. In the case of kaons such figure is only 1%, and for protons (neutrons) (not plotted) at the point of maximum development is 11% (8%) larger for EPOS-LHC with respect to QGSJET. As shower muons are generated after the decay of unstable hadrons, a similar increase can be seen for the maximum number of muons ( Figure 2) where EPOS overpasses the prediction of QGSJET-II in 6%, as exemplified in Figure 3 for the case of muons when using model BN-γ for photon cross section.
Another point that is important to check is the difference between pre and post-LHC versions of each model. In Figure 4 we have included (grey lines in left column plots) the results corresponding to the present model for photon cross sections, but simulated using QGSJET-II-03 (pre-LHC version of QGSJET). These grey lines correspond to the respective solid red lines plotted in figures 5 and 6 of reference [1] . It can be observed that there are virtually no differences between the pre and post-LHC models in all the cases, except, remarkably, in the case of kaons (Figure 4 lower left plot) , where the post-LHC model QGSJET-II-04 predicts a noticeably larger number of kaons.
Another quantity that we have included in our study is the ratio of energy ditributions of muons reaching ground level (see the discussion on this quantity at reference [1] ). Such ratios are plotted in Figure 5 as functions of the muon energy for the representative cases of 45 (solid squares) and 80 (open circles) degrees of inclination. The increased number of high energy muons resulting after the simulations using the BN-γ model for photonuclear cross sections shows up clearly. In the case of QGSJET (left) the increase of the number of muons is not much dependent on the inclination of the shower, and is noticeably smaller compared with the results corresponding to QGSJET-II-03 (grey triangles), already studied in reference [1] . In the case of EPOS-LHC (right) the results are somewhat different with respect to the QGSJET ones. In this case the very inclined showers (80 degrees) present the largest increase rate, reaching nearly 50% for the most energetic muons, while for the showers inclined 45 degrees, the distribution ratios are about 25% for the most energetic muons.
The differences between the results obtained in our analysis using different hadronic models, indicate that the simulation of hadronic collisions at the highest energies continue to be an open issue, more than 30 years after the first simulations were reported, and despite all the experimental data that have been collected since then.
